Simple procedures are described for recording complementary be in excellent agreement with those of direct measurement in-phase and antiphase J-coupled NMR spectra. The sum and of 1 J NH splittings and E.COSY measurement of 2 J HNC = .
offset frequency d, coupled to its amide proton, I, antiphase S spin magnetization, 2I z S y , is generated at the end of the first INEPT transfer. This then evolves according to
In recent years, considerable attention has focused on the 2I z S y t 1 2 cos(dt 1 )cos(pJ NH t 1 )I z S y development of methods for accurate measurement of J couplings. These include the widely used E.COSY (1) (2) (3) (4) (8, 9) , provides an even simpler and more convenient presentation of E.COSYtype data by generating two spectra, containing only reso-(2J NH ) 01 cos(dt 1 )cos(pJ NH t 1 )I x , nances coupled to a given spin in the Éa… or in the Éb… spin state. Other elegant methods for separately recording spectra where (rrr) refers to the in-phase term present at the end containing these multiplet components have also been pro-of the t 1 evolution period, which does not get converted into posed (10, 11) . Clean separation of the Éa… and Éb… spin observable I-spin magnetization, and (MQ) is unobservable state spectra with the S 3 E method is, however, quite sensitive two-spin coherence. The quadrature component in the t 1 to the size of the (one-bond) coupling used in separating dimension, obtained by incrementing the phase of the 90Њ the two types of signals. Although in isotropic protein solu-S-spin pulse at the end of the first INEPT (15) (2J NH ) 01 is inserted at the beginspectra, but which is less sensitive to the size of the coupling ning of the evolution period (Fig. 1) , and the phase of the used for separating the signals. The method is applied to first 90Њ S pulse is decremented by 90Њ relative to the regular measurement of 1 J NH and 2 J HNC = splittings both in weakly HSQC experiment. Evolution during this period, terminated by a 1 H purge pulse, is described by oriented and in isotropic ubiquitin, and data are shown to (16, 17) has no net effect on the rela-components is to add or subtract the signals of the two tive amplitude of the doublet components at the end of the experiments at the beginning of the t 1 period (after multi-D period because the amide proton spin state is inverted at plying the components in the second experiment by 1/RQ), the center of the D delay. Writing Q Å sin(pJ NH D), the yielding 2I z S y { S y . These sum and difference terms are the in-phase S-spin subsequently evolves as product operator representations for the two S-spin doublet components. 0.97-1 for J NH values that deviate by up to 16% from 1/2D. Therefore, the scaling factor 1/RQ is quite homogeneous for Similarly, a quadrature component in the t 1 dimension is all residues and is easily optimized during data processing.
To account for the difference in relaxation, one could insert obtained by incrementing the phase of the first 90Њ f2 S-spin C spectrum and is omitted for generating the antiphase (AP) 13 C-{ 1 H N } spectrum. The pulse width of the 180Њ 13 C a pulse is adjusted to 3/(2Dd) (where Dd is the frequency difference between the centers of the 13 C a and 13 C regions), such that its excitation profile has a null at the 13 C frequency. 13 C pulses have the shape of the center lobe of a sin x/x function, and have widths of 186 ms. Delay durations: t Å 2.5 ms; D Å 5.3 ms; T Å 27 ms. All gradients are sine-bell shaped with 25 G/cm at their center. Gradient durations: G 1,2,3,4,5,6,7 Å 5, 1.1, 1, 0.5, 0.6, 0.7, 0.4 ms. Phase cycling: E pulse sequence element, the IPAP and T is the duration of the 15 N-{ 13 C} de-and rephasing method for separation of multiplet components is also easily implemented in many triple-resonance NMR experiments. intervals (Fig. 2) . However, by inserting a 180Њ 1 H pulse at One such implementation is shown in Fig. 2, which is a 2D time point c, a 15 N-spin dephasing between time points a version of the HNCO experiment (18, 19) , correlating H N and c while attached to 1 H N Å Éa… will rephase between with the 13 C of the preceding residue. In one experiment, time points d and e attached to a 1 H N Å Éb… spin and the A A, the 180Њ pulse at time point b is not applied, and the spin / B and A 0 B spectra will be of the same intensity. This operator product term of interest at the start of the 13 b) the two doublet components have the same integrated relaxation rate. In practice, exp(hD) is close to one, and it can be shown that omission of these exp(hD) and intensity, in the second experiment their relative intensities are exp(hD) and exp(0hD), respectively. The value of h exp(0hD) correction factors shifts the F 1 frequency in spectra A / B and A 0 B in the same direction by approximately scales linearly with the magnetic field strength, and at 600 MHz it is approximately 35% of the in-phase 15 N transverse equal amounts. So, from a practical perspective, there is no need to correct for the effect of cross correlation during the D period. Experiments were applied to measurement of 1 J NH and 2 J HNC = splittings in a 0.7 mM sample of U-13 C/ 15 N ubiquitin (VLI Research, Southeastern, PA), dissolved in 93% H 2 O, 7% D 2 O in a 250-ml Shigemi microcell, pH 6.6. The solution also contained 12.5 mg of dihexanoyl phosphatidylcholine (DHPC) and dimyristoyl phosphatidylcholine (DMPC) (Avanti Polar Lipids, Alabaster, AL) in a 1:3 molar ratio (12, 13, 20) . All spectra were recorded on a Bruker DMX-600 spectrometer, both in the isotropic phase at 25ЊC, and in the liquid crystalline phase at 38ЊC. Figure 3 shows small regions of the sum and difference [ 15 N,
1 H]-HSQC spectra, recorded in the aligned state, using the pulse scheme of Fig. 1 . The weighted sum and difference of the in-phase (IP) and antiphase (AP) HSQC yield spectra displaying the upfield and downfield 15 N doublet components (Figs. 3A, 3B ). For reference, Fig. 3C shows the corresponding region of the regular HSQC spectrum, coupled in  FIG. 4 . Small region of superposition of the sum (thick contours) and the F 1 dimension. In Figs. 3A and 3B , suppression of the the difference (thin contours) of the IP and AP spectra of the second doublet component is in all cases better than 96%. another one is minimized, and accurate values for the split-tings can be obtained from the difference in F 1 frequencies for pairs of doublet components. Figure 4 shows a small region of the 2D IPAP-H(N)CO spectrum, recorded with the scheme of Fig. 2 . The resonances in the summed spectrum (A / B) are shown as thick contours, superimposed on the difference spectrum (A 0 B), shown as thin contours. The relative displacement of these peaks is again easily measured and corresponds to the sum of the two-bond J HNC = and D HNC = couplings. This splitting can also be measured in the 1 H dimension of a 13 Assuming that the J contribution to the observed splittings does not change when shifting from the isotropic to the weakly aligned state, the dipolar contribution is readily obtained from the difference between the splittings in the aligned and isotropic states. Figure 5 occur. Therefore, the IPAP method does not offer as accurate H(N)CO spectrum (Fig. 4) . The dipolar couplings are derived from the difference in splitting measured in the aligned state at 38ЊC and in the a set of couplings as the J-modulated HSQC experiment isotropic state at 25ЊC, assuming that the J coupling contribution to the (22) , which yielded a precision of {0.02 Hz. However, the splitting is independent of temperature. The pairwise RMS deviations are dipolar splittings derived from the two separate measure-0.16 Hz for (A) and 0.38 Hz for (B). Due to the negative sign of the ments agree to within a pairwise root-mean-square differ-gyromagnetic ratio of 15 N the axis for 1 D NH of (A) have been inverted. ence of 0.16 Hz, indicating a precision of Ç0.1 Hz for the individual measurements. Considering that in the liquid crystalline medium the dipolar couplings cover a range which The IPAP approach offers a convenient alternative to the is two orders of magnitude larger than in the magnetically widely used E.COSY technique and the more recent S 3 E aligned case, ultrahigh accuracy measurement of these dipomethod, particularly when measuring couplings in isotopilar couplings is no longer needed, and the convenience of cally enriched macromolecules where the large and relathe IPAP method makes it an attractive alternative to the tively uniform one-bond J couplings can be used to obtain intensity-modulated HSQC method (22) .
clean separation of the in-phase and antiphase spectra. Our Figure 5B protein structure determination.
